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ABSTRACT

This report presents the results of a multi-faceted study of ground motion simulations for
realistic slip scenarios of the 1964 Alaska earthquake. The slip scenarios are obtained through a
combination of inversion of observed data (seismic, geodetic and tsunami) and suite of forward
models to bracket the potential dynamic parameters such as rise-time. Slip models that are
consistent with the data are then used as input to 3-D simulations of ground motions in the
Cook Inlet region (including Anchorage) using a realistic basin model of the area, as well as the
best available 3D tomographic model for the crust and uppermost mantle. The computed
timeseries are finally augmented with stochastically derived high-frequency signals using a
matched filter to produce broad-band 3D ground motions



1 Introduction

The 1964 Alaska earthquake is the largest subduction zone earthquake in recorded history and
is still of great interest in our understanding of earthquake process and the ground motions
associated. While the earthquake occurred after the deployment of the Word-wide
Standardized Seismographic Network (WWSSN), observations are still scarce, and limited to the
P waves of recorded at long-period WWSSN and Galitzin stations, marigrams from several
stations in California, Hawaii and Alaska and local levelling and triangulation data.
While the earthquake slip has been analyzed before, it remains poorly constrained due to the
aforementioned limitations in data.
In order to gain a better understanding of the ground motions due to the 1964 earthquake, and
future events in the area, we re-analyzed the rupture process of the earthquake with a focus on
the range of acceptable (from an observational point of view) solutions and the ground motions
that they generate.
This project therefore consists of two main tasks:

e Finding a range of acceptable slip models

e Computing local ground motions using a 3-D model of the Anchorage region

2 Source geometry

For the source geometry we used the Slab2.0 model (Hayes et al., 2018). The subduction zone
interface is initially sampled with 2 x 1 km fault patches that follow the curvature of the
interface. This set of patches is then resampled to approximately 40x20 km subfaults that are
used for the actual inversion. The static Green’s functions however, are computed for these
subfaults using the original patches that comprise every subfault, therefore keeping the curved
rupture even at the coarser level (Figure 1). This model is both more accurate, in terms of
geometry, and also higher resolution than the Ichinose et al. (2007) study. In addition, we used
a FK-integration technique to compute the static displacements at the surface with a 1D model
(Wang et al., 2003, 2006). The improved geometry will give more reliable results for the
inversion. The higher resolution grid may be necessary for the added triangulation data, but it is
more importantly meant to improve the accuracy of the subsequent ground motion
calculations. In fact, for the inversion, the greater number of subfaults means that we
regularization of the inverse process becomes very important.

3 Sourceinversion

Seismic and geodetic data are inverted for fault slip using the multiple-time window algorithm
of Thio et al. (2004), which is a modified form of Hartzell and Heaton (1983). A least squares
inversion with mixed constraints is applied using Lawson and Hanson (1974). The rake angle of
the slip can vary within +/- 45°of a target rake, which in this case corresponds to the average
normal to the trench.

The inversion algorithm includes the option of a smoothing constraint, which, but no

damping constraint on the slip and used nominally rectangular sub-faults of 20 by 10 km



covering a depth range from 0 km at the trench to 45 km deep along the subduction interface.
The inversion can simultaneously solve for a baseline shift in the geodetic data.

A more detailed description of the inversion procedure can be found in Thio et al (2004).

While the Ichinose et al. (2007) paper is the starting point for the current study, there are some
substantial differences between the that paper and the current analysis (Table 1).

In the course of this project, it became clear that the initial plan of producing a few dozen
different rupture models for the subsequent modeling became unpractical, due to the many
degrees of freedom in the inversion procedure relative to the amount and quality of the data.
In particular, the dynamic properties such as rise-time are very poorly constrained. We
therefore have resorted to a combination of inverse solutions and within these results vary the
dynamic rise-time systematically, re-compute the seismic and tsunami synthetics and analyze
the fit to the data. This hybrid inverse-forward modeling procedure gives us more control of the
process while still allowing us the search for semi-objective fits to the data.

Another issue arose for the use of the tsunami data. While originally we planned to use the
method of Watada et al (2014) to correct the tsunami data for the solid Earth response to the
tsunami waveformes, this proved to be impractical with the quality of the data so instead we ae
using the JAGURS code (Baba et al., 2017), a modern development based on the original Satake
(1995) code used by Ichinose et al(2007) to do the forward computations of the tsunami waves.
While this has made the tsunami calculations more expensive computationally, it makes much
better use of the recorded tsunami data then only using the linear tsunami waveforms in the
inversion.

Table 1 Main differences between the Ichinose et al (2007) study and the current analysis.

Ichinose This study
et al., 2007

Source parametrization

Subfault size 50x50 km ~40x20 km
Number of subfaults 95 545

Extent 147W-154W 144W-157W
Plane 2 rectangular curved
Data

P-waves 35 35
Leveling 48 48
Triangulation - ~200
Tsunami 9 11
Modeling

Tsunami grid 2 arcmin-30 arcsec | 15 arcsec

Static displacement = Okada, halfspace FK integration, 1D



4 Inversionresults

So far we have explored a range of inversion parameters that are needed to produce stable
results based on the available data. We are looking at several features that are of importance
either from a tectonic perspective or from a ground motion prediction perspective. An example
of the former is the delineation of the rupture extent towards the west (into the 1938 rupture
zone) and to the east, as well as the down-dip extent of the rupture. For the ground motions,
the constraints on the main asperities are of great importance, with the rise-time explored
further in a more forward sense.

In Figure 2 we present several slip distributions that are distinctly different yet provide a similar
fit with the data (Figure 3). Currently, we have explored variations in smoothing and rupture
velocities but in the future may also address different weighting schemes for the data. These
models include the levelling data as well, but not yet the triangulation data which was a late
addition to the project, and which needs some special treatment to account for baseline issues.
While the large-scale slip distribution is quite stable in these results, there are significant
differences in lateral rupture extent (in the case of increased rupture velocity) and roughness
(for different smoothness parameters). We will explore these sensitivities further with addition
of the triangulation data and, in the case of the rupture extent, the forward computation using
the JAGURS code. The more accurate timings yielded by that code will allow us to analyze the
tsunami arrivals with absolute time. Because the speed of tsunamis is much lower than the
rupture speed of earthquakes, the first arriving tsunami wave emanates from the part of the
rupture closest (in travel-time) to the tide-gauge station.

In Figure Figure 4 we compare the rupture characterization from the original Ichinose et al
(2007) study and one of the current models as they are used for the 3-D simulations.

5 Ground motions

5.1 3D seismic wavefield simulations 3D velocity model

The Earth structure model is that of Nayak et al. (2020), with an embedded model of Cook Inlet
basin (Shellenbaum et al., 2010). The Cook Inlet basin extends approximately 200 km in the
slab-parallel direction and 100 km in the slab-normal direction and has a maximal depth of 7.6
km (Shellenbaum et al., 2010). It lies above the 40-80 km slab seismicity and is adjacent to the
boundary of the aftershock zone of the Mw 9.2 Alaska earthquake. Due to its oil and gas
deposits and proximity to Anchorage (population 374,000), Cook Inlet basin is the best studied
basin in Alaska (e.g., Fisher and Magoon, 1978; Haeussler et al., 2000) and is the only basin with
a publicly available digital map of its basement geometry (Shellenbaum et al., 2010). The effects
of Cook Inlet basin (west of Anchorage) on the wavefield are quite apparent in the simulations
(e.g., Figure 6) and in data from local earthquakes and ambient noise (Smith and Tape, 2019).

5.1.1 Mesh

We generate finite element meshes with hexahedral elements using the internal mesher in
SPECFEM3D (Komatitsch et al., 2004; Peter et al., 2011). Our unstructured meshes are de-



signed to optimally handle slow wave speeds near the surface and faster wave speeds in the
upper mantle.

The finite element mesh in Tape (2014) contained 4,696,704 hexahedral elements that
are largest at the bottom of the mesh, at 400 km below sea level, and smallest at the
topographic surface. There are 312 million gridpoints in the mesh; the gridpoint spacing at the
surface is about 200 m. The topographic detail that is visible is the actual top surface of the
mesh.

In our latest effort, the simulation region was broadened to accommodate the
possibility of a larger rupture region for the 1964 earthquake (Figure 1). The volume we used
was extended by 200 km to the west and 100 km to the south, giving an area of 1400 km x 700
km. The mesh contains three doubling layers and a total of 6,291,456 elements and
414,092,544 gridpoints. An example of one partition of a mesh is shown in Figure 7.

5.1.2 Simulations

Our seismic wavefield simulations were performed on 256 cores of the the chinoook cluster,
which is part of UAF Geophysical Institute’s Research Computing Systems. The simulations used
a timestep of 0.012 s and iterated 43,000 time steps (516 s of seismogram time). The
calculation took 2 hours and 34 minutes. The half duration for each subsource was fixed as 2 s.
This parameter is uncertain from the source estimation, which cannot constrain the details of
the rise time for each subsource. Nevertheless, the half duration needs to be sufficiently small
in order to achieve a reasonable smooth rupture and for the wavefield to “see” the 3D
structural heterogeneity in the crust, notably Cook Inlet basin.

The accuracy of the synthetic seismograms was verified by direct comparison with 1D
synthetics from the toolkit of AXiSEM (Nissen-Meyer et al., 2014), Instaseis (van Driel et al.,
2015), and Syngine (Krischer et al., 2017). The 1D and 3D synthetics are similar in their
amplitudes and shape, suggesting that both codes are correctly implementing the input finite
source model for the 1964 earthquake. The differences between the 1D and 3D synthetics are
on the order of meters for both the dynamic and static displacements (Figure 8), with the
largest differences occurring in the Cook Inlet region, west of Anchorage (Figure 9Error!
Reference source not found.).

5.2 High frequencies

5.2.1 Method

The high-frequency portion of the simulations are performed using the stochastic finite-fault
method EXSIM (Motazedian and Atkinson, 2005). EXSIM subdivides an earthquake rupture into
a grid of subsources and applies the stochastic point source method to each of them (Figure
4Error! Reference source not found.). A stochastic point source waveform is then obtained for
each subsource, and these are summed in the time domain to estimate the total synthetic at a
site. Each subsource is activated with delay time based on rupture propagation from the
hypocenter to the subsource.

Details of the stochastic method are not discussed here in detail, but the interested reader is
referred to the relevant literature (e.g., Hanks and McGuire, 1981; Boore, 1983, 2009; Boore
and Atkinson, 1987; Atkinson and Boore, 1997). In this study, stochastic finite-fault modeling is



implemented by incorporating modifications suggested by Boore (2009), Atkinson et al. (2009),
and Ghofrani et al. (2017). These improvements include (i) scaling of high-frequency motions
based on the integral of squared acceleration spectrum, rather than velocity spectrum; (ii) no
truncation of subsource time-histories (Boore, 2005); and (iii) the performance in the low-
frequency range is improved (Ghofrani et al., 2017).

Table 2 The EXSIM model parameters.

Fault Dimensions

Subfault Dimension

Slip Distribution and
Hypocenter

Stress Parameter

Shear Wave Velocity (Bs)
Density (ps)

Rupture Propagation Velocity
Crustal Amplification Model
Duration Model
Geometrical Spreading
Q-Model

Kappa

1,120 (max length along strike) x 630
(max width down dip) km

40 x 25 km

This study (Figure X)

300 bars

3.7 km/s

2.8 g/cm3

0.8Bs

Boore and Joyner (1997)

Boore and Thompson (2014)

bA-1 for R<40 km, b*0.5 for R>40 km

Atkinson (1995); 263f*0.5 after
Frankel et al (2018)
0.025s

5.2.2 Combining the Low- and High-Frequency Results

We use the Graves and Pitarka (2010, 2018) filtering and summation method to combine the
low- and high-frequency simulations into a broadband result. This method uses a set of 4t"
order zero-phase Butterworth filters. A high-pass filter is applied to the HF simulation (EXSIM)
and a low-pass filter is applied to the LF simulation; these filters sum to unity across all
frequencies (Figure 10). We use a corner frequency at fmatch = 0.5 Hz. The filtering is done in
the time domain and the broadband response is obtained by summing the filtered results

(Figure 11).

5.2.3 Results at NEOO4 and SEO0S8

Results for two representative stations are provided. Station NEOO4 is located approximately
100 km southwest of Anchorage and directly above the earthquake rupture, and to the west of
the hypocenter and areas of highest slip. Station SE008 is located near the eastern extent of the
rupture at the mouth of the Bering river.



6 Conclusion

This project has yielded promising results for the future computation of 3D ground motions for
seismic hazard applications. In the very near future, several steps will be undertaken to improve
on the current results, some of which have already alluded to in the main text.

For the inversion, the addition of the triangulation data will improve the constraints on the final
rupture models, the forward computations of different rise times will yield a wider range of
compatible models for ground motion modeling and the use of the JAGURS tsunami code will
provide a more reliable check on the rupture extent due to improved accuracy in travel times.
Many of the stochastic model parameters are taken from Frankel et al (2018) [Cascadia],
Ghofrani et al., (2017) [Tohoku], and these relied on empirical calibrations from a wide range of
geographies and styles of earthquakes. These should be calibrated for earthquakes the Alaska
subduction zone.

7 Data availability

The data will be made openly available on-line at the following repository:

https://scholarworks.alaska.edu/handle/11122/11886
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Figure 1 Map of the 1964 Alaska rupture zone showing the inversion/modeling subfaults (red lines) and the high-resolution
patches that constitute the individual subfaults (blue dots). The green line shows the approximate rupture extent from
previous studies.
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Figure 2 Examples of slip distributions from the inversion of the available data for a range of rupture velocities, smoothing
and other parameters. Results on the left are for decreasing smoothing whereas results on the right show increasing rupture
velocity from 2.25 to 2.75 km/sec.




T T T T T T
hke-2.syn
hke-3.syn

ke —4.syr
hke=5.syn

T
hilo=2.syn
hilo-3.syn

hilo-4.syn
hilo-5.syn

Time

X 1043

Time

o D )
g [ El
3 0 3
[
g | E |
< | <1\
_2- )
4 -4
S -6
< | 1 . 1 1
2 10 £ 80 100 20 T 160 180 : m 1
Time X 1043 Time
T T T T T 1 T T I T T U N M N 1
Ipoz-2.syn R L avil-2.syn
Ipoz=3.syn avil-3.syn
e 0z-4.5yn _ o J».’l )/
Ipoz-5.syn ovil-5.
4
8
8 S
2 E=
g £ 7
£
< < S
-2 |
-4
©
& | -
> " | [ T L
20 40 60 80 100 120 140 160 180 8 10

Figure 3 Example of waveform fits for the different solutions. Left: seismograms at Hong Kong (top) and La Paz (bottom).
Right: tide gauge records at Hilo (top) and Avila Beach (bottom).
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Figure 5 Station distribution of the 3D simulations (left) and the basin location relative to a few reference stations (right). The
station locations are hypothetical; at the time of the 1964 earthquake, there were only two stations in Alaska (Fairbanks and
Sitka). The maximum basin depth in Cook Inlet is 7.6 km.




Figure 6 The effect of Cook Inlet basin (west of Anchorage) on the seismic wavefield from the 1964 earthquake,
demonstrated from previous work. The seismic velocity model in the bottom panel is that of Eberhart-Phillips et al. (2006). In
the top panel, a detailed model of the Cook Inlet basin geometry (Shellenbaum et al., 2010) is embedded within the model of
Eberhart-Phillips et al. (2006). The wavefield snapshot is at 8 minutes after the origin time. The effect of Cook Inlet basin is
more pronounced for local earthquakes than it is for earthquakes on the subduction interface.
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earthquake. The mesh contains three doubling layers, where the element widths double in size (and the element volumes
change by a factor of about 8). The tomographic model shown is that of Nayak et al. (2020) with the embedded Cook Inlet
basin model of Shellenbaum et al. (2010).
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Figure 8 Example of 1D (red) vs 3D (black) waveform comparisons in the basin. The waveforms in the basin exhibit extreme
amplitudes and extended duration, especially on the horizontal components. Compare with Figure 9.
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Figure 9 Example of 1D (red) vs 3D (black) waveform comparisons for a station outside Cook Inlet basin. Although the
waveforms exhibit similarities, the horizontal static offsets differ by several meters.
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Figure 10 Matched filter used in the combination of the 3D and stochastic waveforms..
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Figure 11 Example of the addition of the stochastic signal based on the Graves and Ptarka method for the first inversion

result.




